ABSTRACT In some species of lower termites, translocation complexes generate sex-dependent asymmetric relatedness within colonies. It has been suggested that increased relatedness, between both male and female siblings, for loci on translocation chromosomes might have favored the evolution of eusociality among termites in the same way that haplodiploidy has in hymenopterans. This sex-linkage hypothesis predicts that workers should invest more in sibling nymphs of the same sex. Although I observed sex-linked interchange heterozygosity in Reticulitermes speratus Kolbe, I found no differences in the survival rates or weight gain of nymphs reared by sibling workers of the same sex and those reared by sibling workers of the opposite sex. This empirical study did not support the haplodiploid analogy for lower termites.
MALES OF SEVERAL lower termite species possess a system of translocations that links part of the genome to the sex chromosomes (Syren and Luykx 1977) . Each species is heterozygous for translocation in speciÞc chromosome pairs, including the sex chromosomes. During meiotic pairing, these translocated chromosomes are transmitted with the Y-chromosome. Consequently, the homologous nontranslocated chromosomes follow the X-chromosome to female offspring. This may be regarded as a multiple-X, multiple-Y system. Parents transmit half of their genes to each offspring, regardless of sex, resulting in a parent-offspring genetic correlation of 0.5. On average, female siblings share 50% of their nonsex-linked genes and 50% of their maternal sex-linked genes, but receive an identical set of sex-linked genes from their father. Similarly, male siblings share half of the nonsex-linked and maternal sex-linked genes, and 100% of the paternal sex-linked translocation set. Luykx and Syren (1979) and Lacy (1980) realized that relatedness between both female and male siblings was higher for loci on translocation chromosomes, and suggested that such increased relatedness might have favored the evolution of eusociality among termites, in the same way that haplodiploidy is believed to have done in hymenopterans (Hamilton 1964) .
Most studies on this subject have indicated that the termite genetic system may not favor the evolution of eusociality, although this very intriguing hypothesis has attracted considerable attention. Leinaas (1983) claimed that preferential investment in own-sex siblings is not a biologically plausible model and would not procure any evolutionary advantage to sociality if it did occur. Crozier and Luykx (1985) pointed out that it is most unlikely for such translocation systems to be ancestral in termites, because the proportion of the genome that is included in these translocation complexes varies considerably (Luykx and Syren 1981) .
Compared with the numerous theoretical debates, empirical studies are rare. One prediction of the hypothesis is that termites should preferentially direct their investment toward same-sex siblings. First, it is essential to ascertain whether the investment is actually directed toward same-sex siblings at present, regardless of whether the translocation system is ancestral or whether such preferential investment is theoretically plausible. Hahn and Stuart (1987) investigated behavioral interactions among workers and found no evidence to support the hypothesis. However, behavioral interactions among workers may not be the best index of their investment, because they do not actually reproduce. The productivity of a colony is determined by the number of alates reared by colony members, and it is energetically expensive for the colony to rear nymphs (a developmental stage of alates). Additionally, nymphs have ontogenetic priority over workers to develop into secondary reproductives, although in Reticulitermes termites both nymphs and workers can develop into reproductives (Matsuura and Nishida 2001) . Therefore, to evaluate the prediction, workersÕ investment in sibling nymphs is a much better index.
In this study, I investigated whether workers of the lower termite Reticulitermes speratus Kolbe preferentially directed their investment toward same-sex sibling nymphs. First, I examined chromosomal movement to determine the translocation system of this termite. Second, I compared the survival rates and weight gain of nymphs that were reared by sibling workers of the same sex with those reared by sibling workers of the opposite sex.
Materials and Methods
Cytological Analysis. Alates and laboratory-induced supplementary reproductives were used for cytological analysis. Alates were collected from rotten pine logs, just before the swarming season during May 2001 at Takaragaike in Kyoto, western Japan. Supplementary reproductives were obtained from colonies kept at 25ЊC in the laboratory for 2 mo after orphaning. Somatic and meiotic chromosomes were observed by the lactic acid dissociation drying method (Hoshiba 1995) . Gonads were dissected out in 1% sodium citrate solution, cleaned of surrounding tracheae and fat bodies, and placed in a 0.5-g/ml corsemid solution for 30 min. The gonads were then Þxed in acetic alcohol (3 ethanol: 3 glacial acetic acid: 4 distilled water). A drop of 15% lactic acid was placed on the tissue before it was macerated with dissecting pins while the lactic acid was spreading over the slide. Several drops of a fresh mixture of glacial acetic acid-ethanol (1:1) were then dropped onto the center of the macerated tissue. A drop of pure glacial acetic acid was placed on the slide as the Þxative evaporated almost to the point of dryness. The slide was then drained and air-dried, and all slides were stained in 3% Giemsa for 10 min.
Nymph-Rearing Experiment. Four colonies (A, B, C, and D) were collected from rotten pine logs at Takaragaike, in Kyoto, on 8, 7, 16, and 31 October, 2001 , respectively. The four colonies were located at least 50 m apart. Workers and nymphs extracted from the wood were immobilized with carbon dioxide and separated by sex, which was determined from external abdominal characteristics (Roonwal 1975) . Older workers (Þfth and sixth instars) were used in this experiment, because it was difÞcult to determine the sex of smaller workers by their external morphology, and because older workers carry out most of the tasks in Reticulitermes colonies (Crosland et al. 1998) . At this time of the year, sixth-instar nymphs are fed frequently by workers and grow synchronously to develop into alates that swarm in early summer. I did not use younger nymphs, because a portion of them would have developed into secondary reproductives when the colony was orphaned, causing their growth to be nonuniform. Sixth-instar nymphs (15 males and 15 females) were reared by either 100 male workers, 100 female workers, or by workers of both sexes (50 males and 50 females), on mixed sawdust bait blocks (40 by 40 by 10 mm), for 2 mo at 25ЊC in darkness. Because I could not obtain enough sixth-instar nymphs from colony D, only 10 male and 10 female nymphs were reared. Two months later, surviving sixth-instar nymphs were weighed. I compared the initial weight and the Þnal weight of the nymphs using a t-test, and used a two-way analysis of variance (ANOVA) to test the effects of the combination of nymphs ϩ sex of workers (same, different, or both sexes) and the effect of colony on the survival rate of nymphs. The arcsinesquare-root-transformed survival rate was used for the analysis. Similarly, the weight gain of nymphs was analyzed using a two-way ANOVA.
Results
In females, supplementary reproductives were more suitable for chromosomal observation than alates, because female alates were too mature to observe meiotic divisions. In males, alates were more suitable, because the sex ratio of supplementary reproductives was extremely biased toward females. Both sexes of R. speratus have an equal number of somatic chromosomes, 2n ϭ 42, which is identical to that of an Italian population of R. lucifugus (Fontana 1980) . Males are regularly heterozygous for a single translocation chain (C) multiple of IV (2n ϭ 19IIϩCIV; Fig. 1 ). As in a previous study on R. lucifigus chromosomes (Fontana 1990) , interchange multiples are restricted to males.
After 2 mo, most nymphs had signiÞcantly gained weight in colonies A and B, both of which were collected early in October (Fig. 2) . However, nymphs of colonies C and D, which were collected in mid and late October, had either gained no weight or had signiÞ-cantly lost weight (Fig. 2) . The combination of 
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MATSUURA: SEX-LINKED CHROMOSOME AND SIBLING INTERACTIONSnymphs ϩ sex of workers (same, different, or both sexes) had no signiÞcant effect on either nymph survival (Table 1) or weight gain % (Table 2) , although weight gain % differed signiÞcantly among colonies (Table 2) .
Discussion
I observed sex-linked interchange heterozygosity in R. speratus. Lacy (1980) claimed that the asymmetric relationship holds even in termites such as Reticulitermes, which have less of the genome involved in the translocation linkage group. However, R. speratus workers did not preferentially direct their investment toward same-sex sibling nymphs. In addition, preliminary research on the sex ratio of each caste of Þeld colonies showed that the sex ratio of workers was signiÞcantly biased toward males (K.M. and S. Oku, unpublished data). If workers preferentially raised same-sex nymphs, a male-biased sex ratio among nymphs and/or a larger size of males would be expected. On the contrary, the sex ratio of nymphs was signiÞcantly biased toward females and male nymphs were signiÞcantly smaller than female nymphs (Matsuura and Nishida 2001). These sex-ratio data are also inconsistent with the hypothesis that workers preferentially invest in sibling nymphs of the same sex. Syren and Luykx (1977) reported that male Incisitermes schwarzi were heterozygous for a series of translocations in 7 to 8 of the 16 chromosome pairs. Nevertheless, in laboratory colonies, male and female workers of I. schwarzi distributed themselves randomly and did not appear to spend any more time with siblings of the same sex than with siblings of the opposite sex (Luykx et al. 1986) .
Sex recognition and discrimination among colony members could involve additional costs in time and energy. Therefore, individuals would not necessarily behave discriminatorily based on differences in relatedness, even if translocation does cause asymmetric relatedness between same-sex siblings and opposite- sex siblings. In a colony whose members carried gene A, which causes individuals to preferentially raise same-sex sibling nymphs, the nymphs would gain more from same-sex workers. However, they would lose the investment by the opposite-sex workers to the same degree. Thus, if there is a cost of sex discrimination, nymphs of both sexes would gain less in such a colony. Even if the genes in the sex chromosome complexes were selected to favor their own sex, the other genes would not be. Therefore, one possible explanation for the lack of an effect might be withinindividual conßict. The currently observed translocation systems are likely to have evolved recently in response to the life histories of lower termites, including inbreeding cycles (Luykx and Syren 1979 , Crozier and Luykx 1985 , Charlesworth and Wall 1999 . The occurrence of interchange multiples has been associated with inbreeding systems in both plants (Darlington and La Cour 1950) and animals (Lewis and John 1957). Charlesworth and Wall (1999) discussed the fact that Y-autosome fusion or translocation has a selective advantage in highly inbreeding populations. With male heterogamety, a Y-autosome fusion or reciprocal translocation is always present in males, so that the autosome attached to the Y never becomes homozygous. An X-autosome rearrangement can become homozygous in females, but is never homozygous in males. Thus, a fusion or translocation involving a sex chromosome and an autosome has a selective advantage when there is selection in favor of heterozygotes. Breeding systems of termites vary among species. It is expected that there will be more inbreeding when more of the genome is sex-linked. However, the relationship between breeding system and translocation system remains to be investigated.
